Effects of Pulse Sounds on Escape Behavior of False Killer Whales
High speed ships occasionally collide with cetaceans, endangering the safety both of those on board and of the cetaceans. Some method is needed to keep cetaceans away from cruising lanes.
Cetaceans use echolocation which resembles a sonar system.1,2) They are sensitive to the high frequency pulse waves used in echolocation.3) Taiji fishermen in Wakayama Prefecture use the sounds of pulse waves created by striking an iron pipe to drive cetaceans into a small gulf. Hata keyama4) reported that artificial ultrasonic pulse waves turned dalli's porpoises away from the source of the sound. Additionaally, acoustic signals travel so fast in the water that acoustic waves are thought to be useful in driving cetaceans away.
To find methods to drive cetaceans away from a cruising lane by sound, we observed the reactions of the false killer whale Pseudorca crassidens to various sounds in a net enclosure.
Materials and Methods

Animals and Site
Two female false killer whales were used. Body length was 395cm (whale No. 1) and 345cm (whale No. 2). They were caught on November 1990 in Taiji, Wakayama Prefecture, Japan.
The whales ate fish thrown by a feeder voluntarily prior to the experiments which were conducted from 27 
Results
Normally, the whales swam in circles inside the net enclosure at velocities of less than 1m/s. The diameter of the circles ranged from 10m to 20m in the center of the net encolosure.
When the sound was transmitted, the whales s wam directly away from the transmitter without approaching it. This behavior was not the normal behavior pattern. Whales swam in circles near the other side of the transmitter and usually did not approach it during transmission. We cat egorized this behavior as "effective". At some interval after the end of transmission, whales gradually moved to the center of the net enclosure, this interval varying from 0 to 10min. There after their behavior showed the normal pattern. Different behavior was observed when the sound was transmitted.
Whales continued to swim in circles but gradually distanced thermselves from the transmitter.
We categorized this behavior as "somewhat effective" . This behavior was also observed during the normal pattern once or twice per hour. So we categorized this behavior as "somewhat effective" only when it was observed just after the transmission.
It there was no change in behavior due to the sound transmission, we categorized it as "not effective". The sound pres sure level in the net encloure and the category of each experiment are shown in Table 2 .
A typhoon struck Taiji on 30 November. During the ensuing storm surge, whale No. 2 escaped. Prior to the typhoon, both whales swam side by side, and their ordinary behavior showed no ob vious differences compared with that of the single whale after the typhoon. Following the typhoon, we continued the experiment with whale No. 1 alone.
Low Frequency Pulses
Behavioral categories in response to low fre quency sounds are shown in Fig. 3 .
The Bikkura was tried three times. It was effective at 165dB in the 30th experiment. At this time, the transmitter of this deveice was at a depth of 2m. However, the same level sound (165dB on the 28th experiment) was not effective when it was at 1m. The sea surface temperature was high that day. When there was a difference in vertical temperature, sound did not travel straight and the sound pressure levels tended to differ from the ideal value. The iron pipe was tried three times. It was not effective in the 25th experiment.
At this time, the boat drifted with the tide and it was difficult to keep the trumpet of the iron pipe directed toward the net enclosure. However, this device was effective in the two remaining (the 27th and the 29th) experiments.
The above two devices changed the behavior of the whales, but the water bomb was not effective de 
Stable Pulses
Most of the PW-24-type devices were somewhat effective (Fig. 4) . The whale swam in circles, slowly distancing itself from the transmitter. PW-24-2 was examined 4 times in succesion (from the 33rd to the 36th experiment).
In the presvious two experiments, the device was somewhat effec tive. However, in the following two experiments , it was not. The sound pressure level in the not effective experiment (36th) was 5dB higher than that of the somewhat effective experiment. This shows that the repetition of sound transmission affected the reaction of the whales. PW-24-1 was somewhat effective. This device had the same frequency as PW-24-2 but a different pulse interval and duration.
The effects of the PW-24-type devices were the same except that the ex periments were successive.
PW-75 was effective or somewhat effective in the early series of experiments at about 160-170dB. Symbols, the same as in Table 2 , are plotted at the sound pressure level and the experiment number. Some Bikkura experiments and the iron pipe experiments were effective. The water bomb was completely ineffective.
At the same order of sound pressure level in the later series of experiments, it was not effective. Even at a very high level (199dB in the 55th) the sound was only somewhat effective. PW-115 showed the same trend as PW-75 (Fig. 5) . It was effective in the early part of the experiment, but the same order of sound levels were not effective in the later experiment. This shows that the effective threshold of PW-type devices went up as the number of the experiment increased.
PW-200 was not effective at all. This device emitted the highest frequency which is hard for the false killer whale to hear.
Modulated Pulses
Mark III-24 was somewhat effective at about 180dB in the 2nd and 3rd experiments (Fig. 6 ). This level also proved effective in the 45th and 49th experiments.
The low level sound of this device (1st, 4th, 5th) was not effective. Mark III-75 showed a trend similar to that of Mark III-24. Both devices were somewhat effective early and late in the experiments. They were not effective under the levels of 161dB for Mark III-75 or 170dB for Mark III-24.
Mark III-50 was tested four times. In these early experiments, this device was somewhat effective, but it was not effective at low levels.
In the late experiments, it was some what effective or not effective. Symbols are the same as in Fig. 3 . Most of the PW-24 devices were somewhat effective. However, PW-24-2 was not effective in the 35th and 36th after somewhat effective experi ments (33rd and 34th). PW-75 was effective in the early experiments, but not in the later ones.
Mixed pulse (PW-mixed consists of PW-75 and PW-115) was effective or somewhat effective in the later experiments. Symbols are the same as in Fig. 3 . Single Mark III-type devices above 160 to 170dB were effective or somewhat effective both early and late in experiments.
Mixed pulse (Mark III-mixed consists of all Mark III-type devices) was effective or somewhat effective in the late experiments.
Mark III type devices did not change the effective threshold between early and late in the experiment. These devices modulated the pulse interval and duration.
We tried pseudo-echolocation 14 times with this largest of all the devices (Fig. 7) . Early in the ex periments (11th and 12th), the whales quickly avoided the device at a 161dB sound. In the later experiment, the reaction of the whale grad ually became less pronounced.
The sound went from somewhat effective to not effective. In the 63rd experiment, the whale actually swam toward the device during transmission.
Mixed Pulses
Experiments using mixed devices were con ducted at the end of the study. Behavioral categories during the transmission of PW-mixed devices are shown at the same points in Fig. 4 and Fig. 5 When experiments using a single device suc ceed (pseudo-echolocation and PW-24-2), the later experiments tend to results in ineffective behavior. This suggests that repeated sounds are soon ac climated to. However, repeated sound became sowewhat effective after several experiments with other devices. Unexperienced sounds are more effective than experienced sounds at the same sound pressure level. Effective sounds seem to require some novelty.
A single pulse device (water bomb) does not seem to affect the whale's behavior in spite of its high sound pressure level. Perhaps the whale is unable to discriminate the direction of the sound because of the single pulse signal.
Thomas3) reported that a false killer whale is sensitive from 16kHz to 64kHz.
The PW-200 device which emitted a 200kHz signal was com pletely ineffective. It is thought that the whales did not hear the signal. However, we may also speculate that the PW-200 level was too low to drive the whales away. The PW-115 device was effective at 115kHz, which was outside the sensitive range mentioned above. This sound was pre sumed to be effective due to its high sound pressure level. Low frequency sounds were just as effec tive as ultrasonic pulses. Pulse intervals and pulse durations also did not seem to be decisive, since there was little difference among behavioral responses to the sounds of PW-24-1, 2 and 3, each of which had a different pulse interval and dura tion.
Frequency, pulse interval and pulse duration do not seem to be the decisive factor when a sound is heard by a whale. In general, unexperienced sounds above 170dB and within a whale's sudi ble frequency are thought to drive a whale away at first. To repel whales, unexpreienced sounds are thought to be more effective than experienced ones.
These data on repelling whales deserve atten tion. A sound is heard or not depending on the sound level at a whale's location. When there was a vertical temperature change, the level of sound reaching a whale depended on the depth of the transmitter and the whale. Next, the hearing ability of the whale in a noisy environment6) is different from that in a calm sea. And a whale's sensitivity in the open ocean may be different from that in a net enclosure. Nevertheless, whales have to obtain information about their food and en vironment from the water sound, so one can ex pect wild whales to be more sensitive to sounds than captive ones.
